The present work was carried out within the first Large Sample Neutron Activation Analysis (LSNAA) intercomparison study organized under the auspices of the International Atomic Energy Agency (IAEA). Replicates of a Peruvian pottery object, representing a Pre-Columbian archaeological artifact, were prepared by the Instituto Peruano de Energia Nuclear (IPEN) and distributed to 10 laboratories with LSNAA capabilities. The LSNAA results were compared against values derived by conventional Instrumental Neutron Activation Analysis (INAA) on small amounts of the material used to produce the test object. The results of the intercomparison study will be presented in detail in a separate publication. In this work, the LSNAA methodology developed at 'Demokritos' for analysis of large and irregular shaped objects is discussed. An accurate description of the complex geometry of the object was obtained by Computerized Tomography X-ray scanning. The correction factors required for the effects of neutron self-shielding and gamma-ray selfattenuation within the large sample material were derived by Monte Carlo simulations using MCNP code. The results of the study showed that LSNAA provides elemental concentration values with a satisfactory agreement against values obtained by conventional INAA. Therefore, LSNAA is a technique suitable for the purpose of analysis of intact pottery objects of irregular shape for archaeological studies.
Introduction
Large Sample Neutron Activation Analysis (LSNAA) is a novel technique, which enables non-destructive analysis of intact bulk objects, up to several liters in volume. In LSNAA the sample is irradiated at a research reactor graphite thermal neutron column and is subsequently transferred to a gamma ray spectrometry system to be counted either as a whole [1] or using a scanning geometry counting configuration [2] . Corrections are required for self-shielding of the activating neutrons [3, 4] , self-absorption of gamma rays [5] , heterogeneity of the sample [6, 7] and geometric factor during gamma counting [8] . Analysis of the acquired gamma spectra allows the evaluation of the elemental composition of the sample. Absolute [9] , comparative [10] , K 0 [11] and internal mono-standard [12] based calibration techniques for LSNAA have been presented.
LSNAA has been successfully applied for the analysis of large and non-standard geometry archaeological samples [13] as well as of an intact Greek ceramic vase [9] . Moreover, it was used for compositional studies on ancient pottery samples obtained from Buddhist sites of Andhra Pradesh in India [14] and authenticity identification of intact ancient Chinese porcelain ware [15] .
The first LSNAA Intercomparison exercise was organized under the auspices of the International Atomic Energy Agency (IAEA) through the Coordinated Research Project (CRP) "Application of Large Sample Neutron Activation Analysis for Inhomogeneous Bulk Archaeological Samples and Bulk Objects" (2010) (2011) (2012) . Replicates of a Peruvian pottery object, representing a Pre-Columbian archaeological artifact of the Mochica culture, were prepared by the Instituto Peruano de Energia Nuclear (IPEN) and distributed to 10 laboratories with LSNAA capabilities. Each laboratory used its methodology to analyze the bulk sample and produce quantitative results. The LSNAA results were compared against values derived by conventional Instrumental Neutron Activation Analysis (INAA) on small amounts of the material used to produce the test object. The content and the final results of this exercise will be presented in detail in a separate publication [16] .
In this work, the LSNAA methodology developed at "Demokritos" for analysis of large and irregular shaped objects is discussed. An accurate description of the complex geometry of the object was obtained by Computerized Tomography X-ray scanning. The correction factors required for the effects of neutron self-shielding and gamma-ray self-attenuation within the large sample material were derived by Monte Carlo simulations using MCNP code. The results of this study revealed the capabilities of LSNAA technique for analysis of large samples and bulk objects of irregular shapes, providing an important analytical tool for non-invasive multi-elemental analysis of large samples that are too precious to remove small parts from, such as archaeological objects and artifacts.
Experimental

Sample
The sample analyzed was a Peruvian pottery object, representing a Pre-Columbian archaeological artifact of the Mochica culture [17] . It was an animal-shaped ceramic bottle of 25.70 cm in height and 9.60 cm in maximum diameter. The average wall thickness was 0.70 cm and its mass was 780 gr. The bottle was prepared by IPEN, Peru, and shipped to the participating laboratories.
Neutron irradiation
The experimental procedures were performed at the facilities of Reactor Institute Delft, Delft University of Technology (The Netherlands). Neutron irradiation was performed at the Big Sample Neutron Irradiation System (BISNIS) installed at Hoger Onderwijs Reactor graphite thermal neutron column [18] . BISNIS provides a moderated neutron flux of 5 × 10 8 cm −2 s −1 . The irradiation time was 48 h. During irradiation zinc flux monitors were positioned on the surface of the large sample.
Gamma-ray counting
A Ge detector based spectrometry system was employed for the measurement of emitted gamma rays. The detector consisted of a Ge crystal of 96% relative efficiency, 1.82 keV energy resolution at the 1332 keV 60 Co photo-peak and peak to Compton ratio of 97:1. More details for the gamma ray detection system can be found elsewhere [19] . Activation gamma ray spectra were measured 5, 6, 10 and 24 days after irradiation. During measurement the bulk sample was rotated around its vertical axis to minimize axial non-uniformity of activation. The distance from the detector surface to the axis of rotation was 20 cm. The acquired activation spectra were corrected with the corresponding gamma ray background spectra. Spectrum analysis was performed using Gamma Vision T M software.
Monte Carlo simulations
The irradiation and gamma-spectrometry facilities as well as the sample were simulated using Monte Carlo code MCNP, version 5 [20] . Cross section data from the Evaluated Nuclear Data File (ENDF) system were used for the computations [21] . Since both neutron and gamma ray self-shielding factors are sample dependent, a close approximation of the studied animal-shaped bottle was required. For this purpose, Computerized Tomography (CT) X-ray Scanning was employed. The sample was scanned in vertical steps of 0.3 cm using an Aquilion Toshiba 64 series CT medical system. In total 100 cross sections were acquired. In Figure 1 Simulations were performed assuming thermal neutrons incident on the surface of the BISNIS graphite pile. Thermal fluxes were predicted using track length estimates of neutron flux, in units of cm −2 per source neutron. The neutron self-shielding correction factor, f n , was calculated as the ratio of the average predicted thermal neutron flux throughout the volume of the ceramic sample to the average predicted thermal neutron flux over its external surface. The activating neutron flux was derived by combining the experimentally determined thermal neutron flux on the surface of the sample as measured by zinc monitors and the MCNP predicted neutron self-shielding correction factor. The Ge detector Full Energy Peak Efficiency (FEPE) for the voluminous source geometry configuration was calculated using the efficiency transfer method on the basis of the FEPE measured for a reference point source [22] . MCNP code was used to predict FEPE for the reference point source at 20 cm distance from the detector (at the geometrical centre of the ceramic sample) and for the actual ceramic volume source configuration in order to derive the efficiency transfer factor for the bulk sample. Pulse height tally was used to predict the detector's response in terms of energy deposited in the active volume of the crystal in the specified energy bin and thus estimate the absolute FEPE of the detector. 
Results and Discussion
Correction factors
The average thermal neutron fluence rate at the surface of the sample was (3.91 ± 0.33) × 10 8 cm −2 s −1 , as measured by the zinc monitors. The MCNP predicted neutron self-shielding factor, f n , was 0.96 ± 0.01. By applying this factor on the average thermal neutron fluence rate over the surface of the sample, the average activating neutron fluence rate within its volume was (3.73 ± 0.33) × 10 8 cm −2 s −1 .
The MCNP calculated FEPE curves for the point and the actual volume source over the photon energy range from 100 to 1600 keV are shown in Figure 3 . The corresponding efficiency transfer function (f γ ), from point to volume source geometry, defined as the ratio of FEPE for the volume source to FEPE for the reference point source, is also plotted in this Figure. As it can be observed, for the ceramic sample studied, f γ increases with energy. This result is explained by the decrease in photon attenuation within the ceramic material with increasing photon energy for the photon energy range studied.
The correction factors depend on material, size and shape of the large sample itself and are facility specific. Comparison of the derived correction factors for neutrons and photons showed that, for the ceramic sample examined in this study, gamma correction was the significant one. Moreover, this effect was more pronounced at lower photon energies. For example, the f γ correction factor over the photon energy region from 100 to 1600keV ranged from 0.61 to 0.78 while the neutron self-shielding correction factor f n was 0.96. This result is in agreement with the findings of other studies showing that gamma correction was the dominant one in LSNAA [5] [6] [7] . Table 1 shows the elemental concentration results derived by LSNAA, the values obtained by conventional INAA and their ratios along with their standard uncertainties. It is noted that the reported combined uncertainties include all identified contributing sources related to nuclear data, experimental procedure and simulations. These include uncertainties in cross section data, measured neutron fluence rate, gamma ray counting and Monte Carlo computations.
Elemental analysis
To further compare the results, zeta-score per element was calculated as the difference between the LSNAA and the reference value, divided by the square root of the squares of the combined uncertainties As it can be seen, all concentration ratios -except for Y b and Sm -are within 0.8 to 1.1, indicating a satisfactory agreement between the activation analysis results. Moreover, for almost all elements, zeta-scores range from 0.1 to 3.0. The only exception is Sm (zeta = 6.5). The discrepancy for Sm could be attributed to the high background signal at the lower photon energy region, which causes difficulties in the photopeak analysis. Moreover, it could be taken to suggest that the MCNP predicted FEPE curve may be inadequate at the specific energy region [9] . Therefore, for the analysis of elements emitting photons in this energy region (i.e. Sm photopeak at 103.2keV ) further optimization of the Ge detector model is required on the basis of best agreement between calculated and experimental FEPE values. 
Conclusions
LSNAA was used for the analysis of a ceramic object, representing a Pre-Columbian archaeological artifact of the Mochica culture. The required corrections for thermal neutron self-shielding during sample irradiation and γ-ray detection efficiency for the volume source during counting were derived using the Monte Carlo method enabling precise simulation of the large sample, irradiation facility and gamma ray detector configurations. A detailed representation of the complex sample geometry was performed using a 3-D CT scan of the object. A satisfactory ratio agreement within 0.8 − 1.1 was observed for all elements, except for Y b and Sm, when LSNAA results were compared against elemental values derived by INAA.
The results of this work showed that LSNAA is a technique suitable for analysis of intact pottery objects of irregular shape and therefore contribute to the requirement for developing validated nuclear analytical procedures for non-destructive, multi-element bulk sample analysis of precious artifacts and archaeological objects that need to be preserved intact and cannot be damaged for sampling purposes. The ability to analyze whole objects distinguishes LSNAA among the analytical techniques since other established nondestructive methods (such as X-ray fluorescence analysis or analytical techniques based on charged particle irradiation-PIXE) can only analyze superficial layers of the sample and therefore provide limited information over the whole volume of the object.
